Abstract -The objective of this work was to determine the sufficient number of experiments (environments) for the adaptability and stability analyses of maize cultivars, using the Eberhart and Russell method. Grain yield data from 63 trials of maize cultivars from six groups of experiments were used. In each group, new data files were formed from all experiments (n), for the combinations of 3, 4, ..., n-1 experiments, totaling 10,381 files. Mean and estimates of the adaptability (b) and stability (S 2 d) parameters were obtained for each cultivar, in each file. A power function was adjusted for the amplitudes of b and S 2 d (dependent variables) in each cultivar, as a function of the number of experiments (independent variable), totaling 290 equations (145 cultivars × two dependent variables). For each equation, the value was determined on the abscissa axis (Xs, sufficient number of experiments), corresponding to the point of maximum curvature. The highest value among the 290 estimates of Xs, rounded up to the nearest integer, was assumed to be the sufficient number of experiments for the analyses. Seven experiments are sufficient to analyze the adaptability and stability of maize cultivars using the Eberhart and Russell method.
Introduction
In a genotype assessment network, each experiment is a sample of experiments that could be performed in one region. This sample should be formed by a representative number of experiments of the region being studied. In addition, the sample should be sufficient, so that the parameter estimates used to analyze adaptability and stability are reliable, in order to provide sound indications of genotypes. An insufficient number of experiments can generate inaccurate estimates; however, too many experiments can represent a waste of time, labor, and financial resources for accuracy gain.
The choice of the method to be used in the adaptability and stability analyses depends on the number of available environments, the required precision, and type of the information required (Cruz et al., 2012) . A comprehensive explanation of advantages and disadvantages of the different methodologies used to analyze adaptability and stability was provided by Carvalho et al. (2016) . The method of Eberhart & Russell (1966) has been often used to analyze different agricultural species.
Several authors compared the methodologies used to analyze adaptability and stability of maize cultivars, such as Scapim et al. (2000) , Murakami et al. (2004) , Schmildt & Cruz (2005 ), Cargnelutti Filho et al. (2007 ), Cargnelutti Filho et al. (2009b , Namorato et al. (2009) , Scapim et al. (2010) , Oliveira et al. (2013) , Faria et al. (2017) , and Oliveira et al. (2017) . In these studies, however, the focus was to assess the agreement, or disagreement, between methods, regarding the indication of cultivars. The comparisons ranged from two (Murakami et al., 2004; Schmildt & Cruz, 2005) to 13 methods (Cargnelutti Filho et al., 2009b) , and no unanimity as to a particular methodology was reported. The method of Eberhart & Russell (1966) was present in all these studies, which shows its importance, and among the seven methods evaluated by Cargnelutti Filho et al. (2007) , it was the preferred one, considering productivity, stability, and adaptability together, assigned to general, favorable, or unfavorable environments. Further details on this methodology are present in Cruz et al. (2012 Cruz et al. ( , 2014 . Nonetheless, no study has indicated the sufficient number of environments to be used with this important method, which have been carried out with sets of experiments fluctuating between five (Cargnelutti Filho et al., 2009b; Faria et al., 2017) and 21 (Scapim et al., 2010) .
A discussion on the theoretical bases related to the adequate number of experimental environments in the study of genotype x environment interaction was performed by Resende (1998) . Applied studies have been developed to determine the required number of experiments to compare bean cultivars (Cargnelutti Filho et al., 2006) , by cluster analysis (Cargnelutti Filho et al., 2009a) , and by path analysis (Cargnelutti Filho et al., 2011) . Benin et al. (2014) studied the optimal number of trials to predict grain yield of wheat genotypes, in order to select and recommend cultivars.
It is generally assumed that a few number of environments may be insufficient to generate reliable adaptability and stability estimates, whereas too many environments may represent an unnecessary investment.
The objective of this work was to determine the sufficient number of experiments (environments) to analyse the adaptability and stability of maize cultivars, using the Eberhart and Russell method, based on grain yield.
Materials and Methods
Grain yield data (13% moisture content) of 63 trials (environments) were used to compare maize cultivars (Zea mays L.), in the state of Rio Grande do Sul, Brazil. The experiments were classified into six groups, and the composition, described as follows, is ordered by group name, number of assessed cultivars, number of environments, and crop season. Early-cycle cultivars: P3, 36 cultivars assessed in 10 environments, in 2002/2003; P4, 40, in 11 environments, in the 2003/2004; and P5, 32, assessed in 10 environments, in the 2004/2005 . Super-early-cycle cultivars: SP3, 11, assessed in 9 environments, in 2002 SP3, 11, assessed in 9 environments, in /2003 SP4, 9, in 12 environments, in 2003 SP4, 9, in 12 environments, in /2004 and SP5, 17, in 11 environments, in the 2004/2005 crop season. A randomized block design, with three replicates, was used in the experiments. The experimental units consisted of two 5 m long rows, spaced at 0.8 m.
The individual variance was analyzed, and the homogeneity of residual variance was verified for each group of experiments. Then, the joint variance analysis was performed, considering the fixed effect of the cultivar and the random effects of environments and blocks, according to the following model defined in Cruz et al. (2012) : Y = +B/E +G +E +GE + ijk jk i j ij ijk µ ε, where Y ijk is the grain yield of the i th genotype (cultivar) (i = 1, 2, ..., g) in the j th environment (experiment) (j = 3, 4, ..., n) and k th replicate (block) (k = 1, 2, ..., r); μ is the general average; B/E jk is the random effect of the k th block within the j th environment; G i is the fixed effect of the i th genotype (cultivar); E j is the random effect of the j th environment (experiment); GE ij is the random effect of the interaction of the i th genotype (cultivar) with the j th environment (experiment); and ε ijk corresponds to the random error associated with each observation.
The experimental accuracy was assessed using the selective accuracy (Resende & Duarte, 2007) (Cruz, 2013) . To study the sufficient number of experiments required to analyze adaptability and stability with the Eberhart & Russell (1966) Adaptability and stability were analyzed after the analyses of individual and joint variances, totaling 10,381 analyses (one for each file). The linear regression model adopted in the Eberhart & Russel (1966) δ ij is the regression deviation; and ε ij is the mean experimental error (Cruz et al., 2012) . The parameters used in the individual assessment of the cultivars were the mean (β oi ) and the linear regression coefficient (β 1i ), which measured adaptability. The stability parameter ( σ di 2 ) was estimated using the analysis of variance between the mean square of the regression deviation of each cultivar (MSD i ) and the mean square of the residual of the joint analysis (MSR), that is:
) where r is the number of replicates (Cruz et al., 2012) . In the Eberhart & Russel (1966) method, adaptability is the ability of cultivars to use stimuli from the environment to their advantage. Cultivars with β 1i >1 have specific adaptability to favorable environments; when β 1i <1, they are considered to have specific adaptability to unfavorable environments; and when β 1i =1, they are considered to have general adaptability. Stability refers to the predictability of the cultivar according to the linear regression model. Cultivars with insignificant regression deviation variances ( σ di 2 ) are considered stable, and those with significant regression deviation variances are considered unstable.
Each data file, for each cultivar, had the estimates of mean (m) and of the adaptability parameters (linear regression coefficient, b) and stability (variance of the regression deviations, S 2 d) (Cruz et al., 2012) . Thus, as an example for each of the 36 cultivars assessed in the P3 group, 968 estimates of m, b, and S 2 d were obtained, with 120, 210, 252, 210, 120, 45, 10 estimates from the combinations of 3, 4, 5, 6, 7, 8, 9 experiments, respectively, and 1 estimate coming from the combination of 10 experiments. Minimum, maximum, and amplitude (maximum -minimum) values were calculated for each cultivar, as well as the mean estimates of m, b, and S 2 d within the combinations of 3, 4, 5, 6, 7, 8, 9 , and 10 experiments. These same procedures were performed for the 40, 32, 11, 9, and 17 cultivars of the groups P4, P5, SP3, SP4 and SP5, respectively. In order to show the behavior pattern of these statistics with the variation of the number of experiments, only the results of cultivar 1 of each group (P3, P4, P5, SP3, SP4, and SP5) were presented. Based on the power model, we obtained 72 equations in the P3 group (36 cultivars × two dependent variables). For each equation, the abscissa value was calculated (Xs, sufficient number of experiments), corresponding to the point of maximum curvature (Meier & Lessman, 1971) , with the expression
. These same procedures were performed for the 40, 32, 11, 9, and 17 cultivars of groups P4, P5, SP3, SP4, and SP5, respectively. Thus, 290 equations were obtained (145 cultivars × two dependent variables). The amplitudes of b and S 2 d decreased gradually with the increase of the number of experiments, that is, there was an increase of the precision of the estimates of b and S 2 d, respectively. The decrease of b and S 2 d estimates is accentuated until Xs is reached, then this trend decreases and tend to stabilize, with negligible gains in precision. Therefore, we adopted a criterion to define the sufficient number of experiments as the highest value of Xs among the 290 estimates, rounded up to the nearest integer to guarantee accuracy. Statistical analyses were performed with Microsoft Office Excel, from the Genes program (Cruz, 2013) , and with the R software (R Core Team, 2017).
Results and Discussion
In the joint analyses of all the experiments (n), the relation between the largest and the smallest mean square of the environments fluctuated between the groups from 2.28 (SP5) to 7.05 (SP3) ( Table 1) . A practical criterion is to consider the residual variances homogeneous when this relation is smaller than 7.0 (Cruz et al., 2012) . Nonetheless, the group SP3 was also considered to have homogeneous residual variances (>MSR/<MSR=7.05), which allowed of the joint analyses. The genotype x environment interaction was significant for grain yield in the six groups of experiments. Therefore, the behavior of the cultivars varied according to the environments. Selective accuracy (SA) values were equal to, or greater than 0.92, which represents a very high experimental accuracy (SA≥0.90), according to Resende & Duarte (2007) .
In the P3 group, composed of 36 early-cycle cultivars assessed in 10 environments (n=10) (Table 2) . Therefore, increasing the number of experiments from 3 to 4 resulted in an amplitude decrease of 9.31%. This represents an equivalent gain of accuracy when estimating m. With this same reasoning, we observed gains of 23. 29, 39.54, 57.14, 71.39, 83.41 , and 100% when the number of experiments increased from 3 to 5, 3 to 6, 3 to 7, 3 to 8, 3 to 9, and 3 to 10, respectively The linear pattern of decreasing amplitudes and, consequently, increasing accuracies of the mean estimate, when the number of experiments increased, was similar for all the other cultivars of all groups (Figure 1) . Therefore, the researcher needs only to establish a desired precision, in order to obtain the sufficient number of experiments based on the mean. However, besides the mean, it is also important to define the sufficient number of experiments for adaptability (regression coefficient, b) and stability parameters (variance of the regression deviations, S 2 d) of the Eberhart & Russell (1966) method.
In the example of cultivar 1 from group P3, among the 120 estimates of b obtained from the 120 files with 3 experiments, the minimum value was -0.338, and the maximum one was 1.481, with an amplitude of 1.819 and a mean of 1.019 (Table 2) (Figure 1) , with a good fit to the power model (0.7997≤R²≤0.9991). The mean of the 145 estimates of R² was 0.9694, which shows the suitability of this model to represent the variation in the amplitude of b as a function of the number of experiments. Therefore, we can use the maximum curvature value of the model to calculate the value of Xs that represent the sufficient number of experiments. Up to this value, the precision gains in the estimation of b are high and, after it, they become less expressive, with a tendency to stabilize, indicating that the increasing expenses in labor, time, and financial resources with more experiments may not pay off for accuracy in classifying the adaptability of the cultivars.
For the adaptability parameter of cultivar 1 in group P3, the abscissa value (Xs) that corresponded to the point of maximum curvature (Meier & Lessman, 1971) (1) P3, 36 early-cycle cultivars and 10 environments; P4, 40 early-cycle cultivars and 11 environments; P5, 32 early-cycle cultivars and 10 environments; SP3, 11 super-early-cycle cultivars and 9 environments; SP4, 9 super-early-cycle cultivars and 12 environments; and SP5, 17 super-early-cycle cultivars and 11 environments. **Significant by the F test, at 1% probability. DF, degrees of freedom; and MS, mean squares. SP4, and SP5, the sufficient number of experiments was 5.13, 4.57, 3.33, 6.27, and 2.85, respectively (Table 3) . Among all cultivars, in all groups, the sufficient number of experiments ranged from 2.82 (cultivar 6, SP3 group) to 6.46 (cultivar 15, SP5 group) (Table 3 and Figure 2 ). Therefore, seven experiments are sufficient to estimate the adaptability parameter with the Eberhart & Russell (1966) method, for all cultivars in these groups of experiments. For the stability parameter (S 2 d) of cultivar 1 in group P3, among the 120 estimates of S 2 d obtained from 120 files with 3 experiments, the minimum value was -0.420, and the maximum was 0.130, with an amplitude of 0.550, and a mean of -0.166 (Table 2) . Theoretically, estimates of variance of the regression deviations should be positive and, consequently, possible adjustments in the methodology are required and should be the subject of further studies. However, a more detailed look into this subject was not the focus of the present study.
With the increasing number of experiments, the minimum values of S 2 d increased, the maximum values decreased, and the mean stabilized. Thus, with 4, 5, 6, 7, 8, 9 , and 10 experiments, the amplitudes were 0.353, 0.301, 0.225, 0.161, 0.092, 0.052 and 0.000, respectively (Table 2) For cultivar 1 in group P3, the abscissa value corresponding to the maximum point of curvature in S 2 d (Meier & Lessman, 1971) 1/(2×1.6377+2) = 1.98 ≈ 2 experiments. However, a number of experiments lower than three experiments has no practical meaning in the analysis with the Eberhart & Russell (1966) method, since there would be only two points to adjust the linear regression of grain yield as a function of the environmental index. For cultivar 1 in the groups P4, P5, SP3, SP4, and SP5, the sufficient number of experiments was 4.12, 2.20, 3.83, 4.01, and 3.01, respectively (Table 3) . Among all cultivars, in all groups, the sufficient number of experiments ranged from 1.85 (cultivar 5, SP3 group) to 5.74 (cultivar 34, P3 group) (Table 3 and Figure 2 ). Thus, six experiments are sufficient to estimate the stability parameter of the Eberhart & Russell (1966) method, for all cultivars in these groups.
The improvement of accuracy of estimates of m, b, and S 2 d, with the increase of the number of experiments for all cultivars and group of experiments, can be explained by the reduction of the amplitude values of the means and of the adaptive parameters. Thus, assuming the largest one of the 290 estimates of Xs (Table 3 and Figure 2 ), rounded up to the nearest integer, it can be inferred that seven experiments (environments) are sufficient to analyze the adaptability and stability of grain yield of maize cultivars with the Eberhart & Russell (1966) model. A similar number of experiments was established by Cargnelutti Filho et al. (2006 , 2009a , 2011 ), and Benin et al. (2014 .
Cargnelutti Filho et al. (2006) concluded that seven experiments allowed of the identification of superior bean cultivars, with 85% accuracy. Seven and six experiments were considered sufficient to identify divergent bean cultivars, using Ward and Tocher grouping methods, respectively (Cargnelutti Filho et al., 2009a) . Moreover, Cargnelutti Filho et al. (2011) defined that seven experiments were sufficient for path analysis in bean cultivars. Benin et al. (2014) concluded that the optimum number of experiments to predict grain yield in wheat, with 80% accuracy, ranged from 8 to 14. Resende (1998) points out that there is no justification in using more than nine experiments for the selection based on mean values. Fensterseifer et al. (2017) , however, reported that only three experiments are already able to guarantee a reliable calibration or validation of the CropGro-soybean model. Therefore, seven experiments can be assumed as a reference. However, more studies of this type are suggested, involving more methods for the evaluation of the stability and adaptability, as well as more scenarios involving different numbers of cultivars, replicates, and experiments, for maize and other crops.
Conclusion
Seven experiments (environments) are sufficient to analyze the adaptability and stability of maize cultivars (Zea mays) with the Eberhart and Russell method, based on grain yield.
